We examined whether attained socioeconomic status (SES) moderated genetic and environmental sources of individual differences in cognitive performance using pooled data from 9 adult twin studies. Prior work concerning SES moderation of cognitive performance has focused on rearing SES. The current adult sample of 12,196 individuals (aged 27-98 years) allowed for the examination of common sources of individual differences between attained SES and cognitive performance (signaling potential gene-environment correlation mechanisms, rGE), as well as sources of individual differences unique to cognitive performance (signaling potential gene-environment interaction mechanisms, G ϫ E). Attained SES moderated sources of individual differences in 4 cognitive domains, assessed via performance on 5 cognitive tests ranging 2,149 to 8,722 participants. Attained SES moderated common sources of influences for 3 domains and influences unique to cognition in all 4 domains. The net effect was that genetic influences on the common pathway tended to be relatively more important at the upper end of attained SES indicating possible active rGE, whereas, genetic influences for the unique pathway were proportionally stable or less important at the upper end of attained SES. As a noted exception, at the upper end of attained SES, genetic influences unique to perceptual speed were amplified and genetic influences on the common pathway were dampened. Accounting for rearing SES did not alter attained SES moderation effects on cognitive performance, suggesting mechanisms germane to adulthood. Our findings suggest the importance of gene-environment mechanisms through which attained SES moderates sources of individual differences in cognitive performance.
An individual's socioeconomic status (SES) is among the most pervasive contexts associated with overall health and cognitive performance, with positive correlations between SES and individual outcomes throughout the life span (Adler et al., 1994; Hackman, Farah, & Meaney, 2010; Mortensen et al., 2014) . According to Oakes and Rossi (2003) SES can be primarily conceptualized as individuals' differential access to resources (e.g., goods, services, and knowledge), and can be extended to include the hierarchically defined contexts in which individuals utilize their own social and economic capital in attempts to gain these resources and improve their SES. As individuals enter adulthood, their attained SES emerges through their own education and occupational endeavors, contributing to their position in the surrounding social hierarchy. However, an individual's attained SES may also be facilitated or impeded by availability of early life resources via rearing environment (i.e., rearing SES), genetic transmission of psychological traits (Plomin & Bergeman, 1991) , reinforcement by one's environment (Beam, Turkheimer, Dickens, & Davis, 2015; Dickens & Flynn, 2001; Turkheimer, Beam, Sundet, & Tambs, 2017) , and available spousal support in adulthood (Bernasco, de Graaf, & Ultee, 1998; Verbakel & de Graaf, 2007 ). Given its individuallevel emergence, attained SES has unique salience, warranting examination of underlying genetic and environmental mechanisms likely at work in its association with adult cognitive functioning.
Most of the literature examining differences in heritability of cognition as a function of rearing SES level has focused on child and adolescent twin samples (for recent reviews see Tucker-Drob & Bates, 2015; Turkheimer & Horn, 2014) . The Scarr-Rowe hypothesis states that heritability for IQ will be higher in privileged environments, so that any differences in IQ will be mainly attributable to genetic differences between individuals (Rowe, Jacobson, & Van den Oord, 1999; Scarr-Salapatek, 1971 ). Such results would be indicative of gene-environment interaction, often characterized as genetic sensitivity to the environment (Kendler & Eaves, 1986) . Evidence from several U.S. samples has suggested that rearing SES moderates individual differences in IQ and IQ subtests during childhood and adolescence, with additive genetic variance in IQ greater at higher rearing SES levels (Tucker-Drob & Bates, 2015; Turkheimer & Horn, 2014) . These results provide support for the Scarr-Rowe hypothesis (Turkheimer, Harden, D'Onofrio, & Gottesman, 2009 ). However, there are inconsistent findings with respect to rearing SES moderation across studies and countries, with weaker or null effects in non-U.S. (i.e., Central and Northern European) samples (see Gottschling, Riemann, Spinath, & Diewald, 2016; Tucker-Drob & Bates, 2015) . The few studies examining these effects in adults have suggested that rearing SES does not moderate additive genetic variance in adult IQ or reading ability (Grant et al., 2010; Kremen et al., 2005 ; van der Sluis, Willemsen, de Geus, Boomsma, & Posthuma, 2008) . Given the dearth of studies examining rearing SES on cognition in adulthood, there are no indications of moderation patterns differing by country or region. Importantly, because twins share their rearing SES, all studies of rearing SES are limited to considering only variance in cognitive abilities independent of SES, but whatever drives the association between higher SES and better cognition may lie in the covariance between them.
Considering attained SES as a potential moderator of individual differences in adult cognitive performance presents the opportunity to explore the full covariance of SES with cognitive performance (Johnson, 2007) . Experience producing drive (EPD) theory posits that individuals seek out experiences compatible with genetically influenced drives (i.e., motivations and preferences) within the environmental offerings that complement those drives (Bouchard, 1997; Johnson, 2010) . Attained SES emerges actively via contributions to constructing one's own environments (sometimes called niche-picking) and passively through genetic and environmental resources, resulting in gene-environment correlations (Plomin, DeFries, & Loehlin, 1977) . Gene-environment correlations (rGE) are the associations between genetic influences and exposures to particular environments/contexts (Kendler & Eaves, 1986) . In early life, rGE largely stems from biological parents providing rearing environments correlated with their children's genotype (passive rGE). Other mechanisms include an individual's own behaviors (active rGE) and others' response to an individual's genetically influenced phenotypic characteristics (evocative rGE), leading to different environmental and contextual exposures (Kendler & Eaves, 1986; Scarr & McCartney, 1983) . Active and evocative rGE accumulate in an increasingly individual way throughout the life span (Reynolds, Finkel, & Zavala, 2014; Scarr & McCartney, 1983) with recent empirical work supportive of increased rGE over time (Beam et al., 2015) . Attained SES is thus likely to be a contextual marker that signals the types and frequencies of environmental experiences an individual has both created and encountered throughout adulthoodexperiences that may affect maintenance of cognitive performance in adulthood.
An example of a contextual experience that an individual both encounters and (to varying degrees) helps create is in their occupation, and may provide insight to mechanisms via which SES moderates cognitive performance. Cognitively complex occupations are often sought and obtained by individuals with high cognitive ability and high SES. In turn, cognitive complexity of work has been observed to predict later higher intellectual flexibility and function (Marquié et al., 2010; Schooler, Mulatu, & Oates, 1999) . Schooler and Caplan (2008) argued that reciprocal processes between work complexity and intellectual function likely magnify psychological differences between individuals of high and low SES. Nevertheless, individuals who retire from cognitively complex occupations may be at greater risk for accelerated cognitive declines (Finkel, Andel, Gatz, & Pedersen, 2009) , underscoring the importance of maintaining cognitive stimulating contexts. Additionally, a potentially reciprocal relationship between attained SES and cognitive performance necessitates testing the direction of any moderating effect.
The household is another important environmental context maintained by adults, one that is often an active collaboration between an individual and their spouse. Spouses tend to be similar on characteristics such as educational attainment and intelligence (Buss, 1985; Watkins & Meredith, 1981; Watson et al., 2004) , and examinations of mechanisms for mate selection indicate that individuals seek these similarities in potential spouses (Reynolds, Baker, & Pedersen, 2000; Zietsch, Verweij, Heath, & Martin, 2011) . Selection on social background, or social homogamy, may also play a role (Reynolds et al., 2000; Zietsch et al., 2011) , but principally the consequence is the same, that is, that spouses tend to be similar for educational attainment and intelligence. Spouse selection is worth considering for older aging cohorts in which fewer occupational opportunities were afforded to women. Studies indicate that spousal support and spousal educational attainment is This document is copyrighted by the American Psychological Association or one of its allied publishers.
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beneficial to both men and women in their own occupational pursuits (Airsman & Sharda, 1993; Bernasco et al., 1998; Verbakel & de Graaf, 2007) . In older cohorts, there is evidence that men's occupational attainment was protected from downward mobility by their wife's level of educational attainment (Verbakel & de Graaf, 2007) , indicating that women in older cohorts may have used their available social capital gained through educational achievement (and associated social standing) to support their husband's occupational aspirations. As such, though gender-specific roles within households may adapt to the sociohistorical context over time, it is evident that attained SES within a household is reflective of the characteristics and contributions of both partners, including leveraging of each individual's social and cognitive resources.
We examined the moderating roles of attained SES in genetic and environmental influences on cognitive performances in a cross-sectional sample of adult twins aged 27-98 years in pooled data from nine studies in the consortium on Interplay of Genes and Environment across Multiple Studies (IGEMS). We used householdlevel attained SES in the current study to better capture the contributions of both men and women to spouses' shared access to economic and social resources across sociohistorical contexts. We examined four cognitive domains: verbal ability, perceptual speed, short-term/working memory, and spatial reasoning. We included age as a moderator of cognitive performance and attained SES, as age has been observed to moderate genetic and environmental influences on cognitive performance (Johnson, McGue, & Deary, 2014; Pahlen et al., 2018; Tucker-Drob & Bates, 2015) , and in light of possible birth-cohort moderation of factors indexing SES (e.g., educational attainment, see Colodro-Conde, Rijsdijk, TorneroGomez, Sanchez-Romera, & Ordonana, 2015; Heath et al., 1985) . In this first examination of attained SES as a moderator of cognitive performance in adults, we addressed the following questions:
1. Does attained SES moderate genetic influences, environmental influences, or both on cognitive performance in each cognitive domain? If so, is moderation occurring via gene-environment correlation and/or Gene ϫ Environment interaction mechanisms?
2. Does cognitive functioning have moderating influences on genetic and environmental influences underlying attained SES?
3. How does adjusting for moderation effects of rearing SES on cognitive performance affect any moderation patterns observed for attained SES?
4. Will national/regional differences in moderation patterns be observed?
Method

Participants
Participants were drawn from nine twin studies representing three countries (Sweden, Denmark, and the United States) taking part in the IGEMS consortium (Pedersen et al., 2013) . Participants were included if they or their cotwins had at least one score among five cognitive tests at the first cognitive assessment. Individuals were also required to have Mini-Mental State Examination scores of 24 or above, as scores below this point are considered indicative of possible cognitive impairment (Tombaugh & McIntyre, 1992) ; screening excluded 7.8% of those with cognitive data (excluded N ϭ 1,136). For the moderation analyses, both members of the twin pair had to have information regarding adult household SES, excluding 16.1% or 2,338 individuals with cognitive data. The final sample of participants for the current study was 12,196 (50.3% female). Participants' mean age was 60.0 years (SD ϭ 12.7), ranging from 27.0 to 97.9 years of age (see Supplemental Figure 8 for age distribution). Complete twin pairs included 2,458 monozygotic (MZ) pairs, 2,642 same-sex dizygotic (SS-DZ) pairs, and 998 opposite sex dizygotic (OS-DZ) pairs. Demographic characteristics of participants and test availability by study are shown in Table 1 . The IGEMS consortium received approval for the project titled Gene-Environment Interplay from the University of Southern California University Park Institutional Review Board, which assigned the Study ID: UP-16 -00315. All procedures contributing to this work comply with the ethical standards of the relevant national and institutional committees.
Measures
Cognitive measures. We examined five tests where data were available from more than one country (see Table 1 ). Scores for each cognitive test were first pooled by test-study combination. After being adjusted for main effects of sex, each of these samples was divided into 10-year age groups and placed on a T score scale with means of 50 and standard deviations of 10 in the 50-to 59.99-year age group. Cognitive test scores were then winsorized within Ϯ3 SD by age group. See the online supplemental materials and Pahlen et al. (2018) for further details on harmonization and scaling. We examined the following cognitive tests.
Synonyms (verbal ability). These were multiple-choice tests in which participants were asked to select the best synonym for each target word. Studies differed in numbers of items, specific words used, and number of response options. This basic format was available in SATSA, GENDER, TOSS, and VETSA (N ϭ 4, 307) .
Digits Forward (short-term memory span). In this test, participants are orally presented with increasing strings of digits and asked to recall the digits in the order they are presented. The number of trials and length of digit strings varied across studies. Due to variations in scoring methods by study, we scored maximum correct span length. This format was available in five studies (SATSA, OCTO-Twin, LSADT, MADT, and VETSA; N ϭ 7,860).
Digits Backward (short-term/working memory span). This test is the same as Digits Forward, but participants are asked to report the digits in reverse order. We scored maximum correct span length. This format was available in six studies (SATSA, LSADT, MADT, VETSA, and MIDUS; N ϭ 8, 722) .
Block Design (spatial reasoning). Participants were asked to reproduce two-dimensionally presented geometric shapes using sets of colored blocks. Four studies administered this test (SATSA, GENDER, OCTO-Twin, and MTSADA). Swedish studies (SATSA, GENDER, OCTO-Twin) administered the Kohs Block Design test This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. (Stone, 1985) whereas a U.S. study (MTSADA) used the WAIS-R (Wechsler, 1981) Block Design subtest. The total N was 2,148. Symbol Digit/Digit Symbol (perceptual speed). Studies in Sweden and Denmark (SATSA, Gender, OCTO-Twin, LSADT, and MADT) administered Symbol Digit, in which participants are asked to orally report numbers that correspond to presented target symbols. One U.S. study (MTSADA) administered WAIS-R (Wechsler, 1981) Digit Symbol in which participants are asked to write symbols that correspond to target numbers. The total N was 7,019.
Attained SES. Participants reported their occupations and their spouses' occupations. Occupational coding for participants and spouses was rationally harmonized within IGEMS by matching available occupational titles and descriptions among studies. A socioeconomic-status index based on the 9-point occupational component of the Hollingshead Index (Hollingshead, 1975) was used to score the harmonized IGEMS occupational variable as follows: 1 ϭ service worker; 2 ϭ unskilled worker; 3 ϭ semiskilled worker; 4 ϭ skilled-worker; 5 ϭ clerical and sales; 6 ϭ semiprofessionals; 7 ϭ minor professionals; 8 ϭ lesser professionals; 9 ϭ major professionals. Though only the occupational component of the Hollingshead Index was used for the present study, it is worth noting that this occupational component is typically used as interval in nature (Anokhin, Golosheykin, Grant, & Heath, 2011; Cirino et al., 2002; Szabó, Kelemen, & Kéri, 2014) . Similarly, the occupational component was used as a continuous measure of attained SES in the present study.
To obtain household-level attained SES, the higher of participant and spouse SES scores was taken. Participants categorized as housewives/husbands were excluded if no spousal occupation information was available (N ϭ 76) or if participants did not report their occupation but indicated their spouse was a housewife/husband (N ϭ 6). All SES values were linearly transformed to a T score scale (age groups relative to the 50-to 59.99-year base groups). See online supplemental materials for additional details on how attained SES was created.
Rearing SES. Parental occupation was available for 11,755 individuals (from all nine studies) based on participant report. Parental occupation coding was harmonized similarly to participant occupation, though coding of household-level rearing SES was done independently of attained SES as many studies comprising IGEMS used different occupation coding schemes for parental and Participant SES. The same 9-point SES scale was used in the final coding of parental occupations. Twins reared together (representing 94% of the IGEMS sample and 97% of the current study sample with available information on rearing SES) received the same rearing SES score. Rearing SES was standardized and T-scored in the same manner as attained SES. Please refer to the online supplemental materials for additional details on how rearing SES was created.
Statistical Analysis
To test whether environmental and genetic influences on cognitive performance differed by level of attained SES, we adapted the bivariate moderation model developed by Purcell (2002) by including continuous age (in years, centered on age 60) as an additional moderator of cognitive performance (see Figure 1 ). This particular model is an extension of the classic twin model, in which the degree of similarities and differences between identical (monozygotic) twins and fraternal (dizygotic) twins are utilized to decompose the phenotypic variance within a trait into the estimated genetic and environmental sources of influence. In the classical twin model, influences due to additive genetic (A) effects are correlated 1.0 between identical twins and correlated .50 for fraternal twins. Shared environmental (C) variance, environmental influences that serve to increase familial resemblance, is correlated This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
1.0 for both identical and fraternal twins. Nonshared environmental (E) variance, any environmental sources of influence, including measurement error, that serve to reduce familial resemblance, is uncorrelated between twins (for a more in-depth review of classic twin models, see Boomsma, Busjahn, & Peltonen, 2002) . We chose the bivariate moderation model proposed by Purcell (2002) to capture and decompose all phenotypic variance in cognitive performance, particularly the covariance between cognitive performance and attained SES. Phenotypic patterns and twin pair descriptive statistics for attained SES and cognitive performance were considered prior to proceeding with biometric model fitting (see Figure 2 for trends in cognitive test performance by age). Model estimates were used to calculate cognitive performance variance trends by level of the moderators (e.g., attained SES and continuous age) using the coefficients referred to in the path diagram in Figure 1 . Although sex was separately regressed from cognitive scores, and use of household-level SES as the indicator of attained SES largely equated levels of SES in males and females, all models were tested with sex as a covariate on the means model to control any residual inflation of within-pair similarity. Model fitting was initially conducted using Mx 1.70a (Neale, Boker, Xie, & Maes, 2003) . Full and best-fitting results were confirmed in Mplus 8.0 (Muthén and Muthén, 1998 -2017) and 95% confidence intervals for model estimates and plot estimates were obtained by adapting a script from Dinescu, Horn, Duncan, and Turkheimer (2016) for use with the moderation models in the current study.
In the bivariate moderation model, there are six pathways on which attained SES could moderate influences on cognitive performance: (a) three common variance paths, denoted A C , C C , and E C , from attained SES to cognitive performance reflecting the sources of covariance (i.e., common influences) between SES and cognition with moderation indicated by the linear slope terms along those paths: ␤ XC , ␤ YC , ␤ ZC ; and (b) genetic and environmental influences unique to cognitive performance, analogous to those considered in prior studies utilizing rearing SES, denoted A U , C U , and E U , and moderation is again indicated by the linear slope terms along those paths: ␤ XU , ␤ YU , ␤ ZU . Explicitly including the variance components in common between attained SES and cognition in the adapted bivariate moderation model allowed examination of G ϫ E interaction in the presence of gene-environment correlation (rGE), essentially enabling interpretation of whether attained SES moderates adult cognitive performance adjusting for correlated or reciprocal processes with cognitive ability.
For each cognitive test, moderation on the common paths (i.e., A C , C C , and E C ) and the unique paths (i.e., A U , C U , and E U ) were systematically tested via omnibus model-fitting. In addition to chi-square difference tests from nested models using an alpha level Figure 1 . Full Moderation model showing genetic and environmental influences on cognitive performance as moderated by attained socioeconomic status (SES) and age. As in the traditional bivariate twin model, total phenotypic variance is partitioned into latent variables A, C, and E (nonshared environmental variance). Please note, diagram is simplified showing one twin for clarity (not shown are the twin pathways, e.g., additive genetic [A] effects correlated 1.0 for identical twins and .50 for fraternal twins). A C , C C , and E C refer to the sources of genetic and environmental influences common to attained SES and cognitive performance. A U , C U , and E U refer to the sources of genetic and environmental influences unique to cognitive performance. Model estimates can be used to calculate cognitive performance variance trends by level of attained SES. For example, total raw genetic variance by level of attained SES, controlling for age, is calculated as:
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of p Ͻ .01, best-fitting models were selected via comparison of Akaike's Information Criterion (AIC; Akaike, 1983 ) and the sample size adjusted Bayesian Information Criterion (BIC; Raftery, 1995) , with smaller values indicating better-fitting models. In cases of equivalent or competing AIC and BIC indications for best-fitting model, we favored models with fewer estimated parameters as more parsimonious. We then used the estimates from the full bivariate moderation model and the best-fitting model to examine how attained SES moderated individual differences in cognitive performance by calculating the genetic and environmental variances by level of attained SES. For example, raw genetic variance in cognitive performance at attained SES (controlling age moderation) is calculated as ͑a C ϩ ␤ X C SES͒ 2 ϩ ͑a U ϩ ␤ X U SES͒ 2 and can be plotted for the range of attained SES values (see A variance paths in Figure 1) . A, C, and E variances were calculated analogously and plotted to allow visual examination of the variances across levels of attained SES. To allow for clear interpretation of the attained SES effect on cognitive performance for each of the A, C, and E components, moderation on common variance paths ͑␤ X C SES͒ 2 signaling rGE and moderation on the unique variance paths ͑␤ X U SES͒ 2 signaling G ϫ E were plotted in side-by-side plots for each cognitive test (see Figure 3) . Parallel proportional variance plots were constructed to illustrate the overall patterns in the relative contributions of genetic and environmental sources of variance on cognitive performance (see Figure 4) . Under the Purcell model, uniformly nonlinear main effects on mean level can be misinterpreted as moderation of covariance (Rathouz, Van Hulle, Rodgers, Waldman, & Lahey, 2008; Van Hulle, Lahey, & Rathouz, 2013) . We addressed this problem by fitting models of uniformly nonlinear main effects prior to testing for significant moderating effects on variance common to SES and cognitive function. Where such models fit better, they indicate that relatively uniform nonlinear main effects are more likely than common moderation. Where they do not, the actual situation remains unclear-as other unmodeled alternatives could be present. Additionally, we used mixed effects regression analyses accounting for pair dependencies to directly address whether attained SES has a linear or nonlinear relationship with cognitive performance.
Sensitivity analyses. We performed additional analyses to test the direction of moderation between attained SES and cognitive performance. In addition to performing tests with the raw data using Mplus 8.0 (Muthén & Muthén, 1998 , imputed data sets were estimated using the mice package in R 3.3.3 (R Core Team, 2014) and analyzed for the reason that complete cognitive data for twin pairs was sparser than attained SES data (van Buuren & Groothuis-Oudshoorn, 2011). We also tested models controlling for rearing SES by including it as a covariate in the full moderation bivariate model, on mean level ability and as a moderator of the ACE variance pathways for cognitive performance to evaluate whether rearing SES would alter observed attained SES moderation patterns (Tucker-Drob & Bates, 2015) . Further, we evaluated whether effects might differ by region, comparing U.S. with Scandinavian samples (Tucker-Drob & Bates, 2015) . More details regarding these analyses and additional sensitivity analyses using participants' individually attained SES can be found in the online supplemental materials.
Results
Phenotypic patterns and twin pair descriptive statistics for attained SES and cognitive performance were considered prior to proceeding with biometric model fitting. Consistent with much prior research and as evident in the Loess plot in Figure 2 displaying general age trends for attained SES and cognitive performance, younger individuals tended to have higher mean attained SES. Mixed effects regression analyses (Proc Mixed, SAS 9.4; SAS Inc, Cary, NC), accounting for pair dependencies, confirmed this statistically (p Ͻ .01; see Supplemental Table S1 ). Younger age groups also had higher mean cognitive performance than older age groups, with a loss of 0.05 to 0.54 T score points per year above age 60. As shown in Figure 2 , this trend was particularly evident for Symbol Digit, Block Design, and to a lesser degree, Synonyms. Individuals with higher attained SES had higher mean performances on all cognitive tests than individuals with lower attained SES (all p Ͻ .01; see Supplemental Table S1 ), with 0.163-to 0.253-point average gains in cognitive performance for each unit increase over mean attained SES (controlling for age effects). There were small but significant interactions between attained SES and age for Synonyms (p Ͻ .01), Symbol Digit (p ϭ .01), and Digits Backward (p Ͻ .01), in which higher SES mitigated the age effect. Neither Digits Forward nor Block Design evidenced significant attained SES-by-age differences (p ϭ .43 and p ϭ .25, respectively).
The correlation between attained SES and rearing SES was r ϭ .27. Table 2 shows the phenotypic correlations for both attained SES and rearing SES with cognitive performance. The phenotypic correlations ranged from small to moderate in magnitude, with the strongest relationships evident for Synonyms and Symbol Digit with both attained SES and rearing SES. Correlations within pairs (by zygosity) for attained SES were modestly higher in MZ twins than DZ twins. Within-pair correlations (by zygosity) for cognitive tests were higher in MZ twins than DZ twins, and the magnitude of twin correlations by cognitive test are roughly consistent with previous work in older adult studies (McClearn et al., 1997;  This document is copyrighted by the American Psychological Association or one of its allied publishers.
McGue & Christensen, 2001; Pedersen, Plomin, Nesselroade, & McClearn, 1992) . Cross-trait correlations between cognitive tests and cotwin's attained SES were small to moderate and positive, and they too were higher in MZ than DZ pairs (see Table 3 ). Twin correlations by birth cohorts before and after 1940 are presented in Table S3 of the online supplemental materials.
SES Moderation of Cognitive Performance
Evidence for moderation of cognitive performance by attained SES was observed for all cognitive tests (see Supplement Table S2 for model-fit statistics). Biometrical moderation model-fitting suggested mechanisms by which attained SES moderates each cognitive test differ, but general patterns emerged. Moderation via common (correlated) paths between attained SES and cognitive performance tended to indicate relatively greater genetic influences at high levels of attained SES. In contrast, attained SES moderation on variance unique to cognitive performance tended to indicate relatively smaller genetic influences at high levels of attained SES. A noted exception to this pattern, genetic influences unique to perceptual speed were amplified and common genetic Figure 3 . The raw variance estimates for the common and unique paths are plotted side-by-side for each cognitive test, with 95% confidence intervals indicated by the accompanying shaded areas. Total raw variance, summing common and unique variance estimates, is drawn in each plot. Plotted estimates adjusted for age moderation of the ACE variance components and gender effects for mean level performance. See the online article for the color version of this figure. This document is copyrighted by the American Psychological Association or one of its allied publishers.
influences were dampened at high levels of attained SES. Model parameter estimates, including 95% confidence intervals, are included in Table S4 of the supplemental materials. Model estimates of the ACE raw variances as moderated by attained SES are plotted for the best-fitting model for each cognitive test in Figure  3 (see Supplemental Figure S1 for full moderation model results). Age moderation of cognitive performance and of attained SES was also tested to control any age effects and retained in all SES-moderation analyses (all ps Ͻ .01; see online supplemental materials for age moderation results, including Supplemental Figure S2 ). For Synonyms, model fit comparison ⌬ 2 (3) ϭ 106.8, p ϭ 5.36E-23 indicated the best-fitting model was SES moderation via the unique A, C, and E pathways. Overall phenotypic (total) variance for Synonyms was lower at higher levels of attained SES (see Figure 3) , driven mainly by smaller nonshared environmental influences unique to cognitive performance. The genetic variance unique to cognitive performance was also smaller at higher levels of attained SES. Still, proportionally, the genetic component was the main source of variance in cognitive performance at higher levels of attained SES (see Figure 4) . Shared environmental influences tended to be quite small overall, though at higher attained Figure 4 . The proportional variance estimates for the common and unique paths are plotted side-by-side for each cognitive test. Total raw variance, summing common and unique variance estimates, was to calculate the proportions for both pathways, as such, the common and unique plots for each cognitive test effectively sum to 1. Plotted estimates adjusted for age moderation of the ACE variance components and gender effects for mean level performance. See the online article for the color version of this figure. This document is copyrighted by the American Psychological Association or one of its allied publishers.
SES, common C variance was slightly greater and unique C variance was slightly smaller. Proportional variance plots (see Figure 4 ) illustrate the overall patterns in the relative contributions of genetic and environmental sources of variance on cognitive performance. The patterns suggest that common genetic influences are proportionally amplified at higher levels of attained SES for Synonyms, while there is a modest relative attenuation by level of SES for unique genetic influences and more notable attenuation of nonshared environmental influences (right panel).
For Digits Forward, model fit comparison ⌬ 2 (1) ϭ 24.3, p ϭ 8.24E-07 indicated moderation was via unique moderation of nonshared environmental paths. Here-in contrast to Synonymsoverall phenotypic variance tended to be greater at higher levels of attained SES (see Figure 3) . Contributions from nonshared environmental influences were modestly larger at higher levels of attained SES. Genetic influences and shared environmental influences were constant across levels of attained SES. Additive genetic influences unique to cognitive performance were small. Genetic and environmental sources of variance common between attained SES and cognitive performance were near zero. Proportional variance plots (see Figure 4) suggest unique genetic influences are proportionally attenuated at higher levels of attained SES while nonshared environmental effects are higher.
For Digits Backward, model fit comparison ⌬ 2 (3) ϭ 53.8, p ϭ 1.24E-11 indicated moderation was on the common paths between attained SES and cognition, including both genetic and environmental influences. As with Digits Forward, overall phenotypic variance tended to be slightly greater at higher levels of attained SES (see Figure 3) . The main source of difference in variance was slightly greater common genetic influences at higher levels of attained SES. Shared environmental influences and nonshared environmental influences on the common pathways were close to zero. The main sources of individual differences on test performance were nonshared environmental and genetic influences unique to cognition, which were not moderated by attained SES. Proportional variance plots (see Figure 4) suggests common genetic influences are amplified while unique genetic influences are modestly attenuated at higher levels of attained SES, with greater attenuation of nonshared environmental effects at higher levels of attained SES.
For Block Design, model fit comparison, ⌬ 2 (3) ϭ 19.4, p ϭ 6.13E-05, specified the best-fitting model showing genetic moderation, via both common and unique paths. Overall phenotypic variance was greater at higher levels of attained SES, mainly due to greater additive genetic influences in common sources of variance (see Figure 3) . In contrast, genetic sources of variance unique to cognitive performance were smaller at higher levels of attained SES. Shared and nonshared environmental influences on cognitive performance were stable across levels of attained SES in the best-fitting model. Proportional variance plots (see Figure 4) suggests common genetic influences are amplified while unique genetic influences are attenuated at higher levels of attained SES.
Finally, for Symbol Digit, there was evidence for nonadditive genetic influences based on related work with these data (Pahlen et al., 2018) as well as quadratic age moderation, so we used an AE model for performance, estimating C only for attained SES and a quadratic term when adjusting for age. The full AE-moderation model fit best, ⌬ 2 (4) ϭ 79.7, p ϭ 2.02E-16 specified, indicating SES moderated performance via both common and unique paths. Overall phenotypic variance for Symbol Digit performance tended to be lower at higher levels of attained SES (see Figure 3 ). This was due mainly to smaller additive genetic influences on common variance at higher levels of attained SES. In contrast, attained SES moderated genetic variance unique to cognitive performance, such that genetic influences were larger at higher levels of attained SES. In proportional variance plots (see Figure 4) , estimates for Symbol Note. Correlations estimated in Mx, restricting sample to pairs with complete data on attained SES scores (shown in italics). MZ ϭ monozygotic; SES ϭ socioeconomic status; SSDZ ϭ same-sex dizygotic; OSDZ ϭ opposite-sex dizygotic. Included incomplete twin pairs (e.g. one twin without cognitive assessment) in parentheses. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Digit indicate large common genetic influences at low attained SES that become increasingly attenuated at high levels of attained SES whereas the unique variance estimates are amplified at high levels of attained SES. See Figure S7 in the online supplemental materials for comparison plots showing the full moderation model for Symbol Digit as both an ACE and an AE model. Please note, variance plots presented for the ACE model should be interpreted with caution, given analyses in a previous study with the same sample indicated possible dominance genetic effects (Pahlen et al., 2018) . Along with model comparisons, tests of uniformly nonlinear main effects were conducted prior to further analyses for Symbol Digit, Digits Backward, and Block Design as initial model fitting suggested common variance moderation. The significance of the test for Digits Backward, 2 (1) ϭ 5.08, p Ͻ .025, suggested that one cannot rule out uniformly nonlinear main effects as an alternative to common moderation of variance. The test was not significant for either Symbol Digit, 2 (1) ϭ 0.49, p ϭ .486, or Block Design, 2 (1) ϭ 0.19, p ϭ .664. Additional multilevel regression analyses controlling for sex, age, and rearing SES compared linear and quadratic models for the relationship between attained SES and cognitive performance. Results indicated that for all cognitive tests, adding a quadratic did not improve model fit, and quadratic terms in the models were not significant (see Supplemental Table S2 ).
Rearing SES adjustments. Full moderation models controlling for mean level effects and moderation by rearing SES indicated that attained SES moderation patterns of estimated ACE variance components for cognitive performance were very similar to the unadjusted models (see Supplemental Figure S3 ). Given the divergent trends for attained SES moderation of genetic influences for Synonyms and Symbol Digit (Supplemental Figure S3 ), yet similar patterns of moderation by levels of rearing SES in the bivariate twin models (Supplemental Figure S4) , we examined univariate models of rearing SES moderating the two cognitive tests. Results indicated that patterns of estimated ACE variance components across levels of rearing SES were similar to those observed in the full bivariate moderation models (see Supplemental Figure S5 ).
Differences by region. We tested for differences in SES moderation between the U.S. and Scandinavia for additive genetic, common environment (where specified), and nonshared environment. Results suggested nonsignificant differences in moderation by region for four of five cognitive tests (i.e., testing if ␤ XCUSA ϭ ␤ XCSCAN , ␤ XUUSA ϭ ␤ XUSCAN ) for moderation of A (p ϭ .053-.913), C (p ϭ .260 -.960), or E (p ϭ .158 -.920). For Symbol Digit performance, A-moderation was significantly different between the two regions (p ϭ .001; Supplemental Table S5 ). But as the type of Symbol Digit test administered is confounded with country/ region, this confounding may be the source of observed regional differences.
Does Cognition Moderate Genetic and Environmental Influences on SES?
For each of the five cognitive tests, model-fit statistics were worse when cognitive ability moderated common and unique attained SES variance components compared with when attained SES moderated common and unique cognitive performance variance components (see Supplemental Table S6 ). Compared with the "no moderation" models, AIC and BIC values were larger when cognitive ability moderated attained SES than vice versa. Further, imputed data sets were analyzed as an additional sensitivity analysis and demonstrated a similar pattern of increased AIC and BIC values, such that attained SES was considered to moderate cognitive ability more so than vice versa.
Individually Attained SES as a Moderator
Full model results for individually attained SES as the moderator of cognitive performance are shown in Supplemental Figure  S6 . The moderation patterns of estimated ACE variance components by level of individually attained SES were very similar to our primary models with household-level attained SES with the exception of Symbol Digit (with moderation patterns similar to the other tests), indicating the effects of attained SES on cognition are fairly robust.
Discussion
In a body of research examining genetic-by-rearing SES interactions on cognitive performance, genetic variance in cognition was generally smaller in low SES conditions, particularly in the United States (Tucker-Drob & Bates, 2015; Turkheimer & Horn, 2014 ). When we examined this question with respect to attained SES in adults (controlling age moderation), we generally observed the opposite pattern. The overall pooled sample included 12,196 (50.3% female), though sample size for each cognitive test depended on data collected in each study within the IGEMS consortium. For verbal ability, memory, and spatial reasoning, moderation of genetic influences unique to cognitive performance were relatively constant along the range of attained SES levels. However, for perceptional speed, high attained SES appeared to amplify genetic influences unique to the cognitive test, signaling potential G ϫ E mechanisms. Controlling rearing SES did not alter these findings. Our results indicated reciprocal associations between attained SES and cognitive ability. Furthermore, the direction-of-moderation results provide evidence that attained SES is likely a strong moderator of genetic and environmental influences on cognitive abilities, remaining an influential source of these associations in adulthood.
Pathways of Moderation
Using attained SES as a moderator allowed us to test whether attained SES moderated variance in cognitive performance via common sources of genetic and environmental influences between attained SES and cognitive performance as well as unique influences on cognitive performance (Purcell, 2002) . Moderation of cognitive performance via unique pathways likely indicates a contextual effect of attained SES on adult cognitive performance akin to the effect of rearing SES on childhood and adolescent cognitive performance, though the direction of effect was generally in the opposite direction. Strictly speaking, in the twin model approach, attained SES is a trait of the individual as much as cognitive performance. Even This document is copyrighted by the American Psychological Association or one of its allied publishers.
so, we can conceptualize that an individual's access to social and economic resources is not solely determined by cognitive ability. Both rearing SES and attained SES may provide varying degrees of opportunities for cognitive enrichment. There was also some evidence that attained SES moderated common variance in verbal ability, perceptual speed, and short-term/working memory (Digits Backward), implicating part of the moderation arose due to genetic and environmental influences affecting both attained SES and cognitive performance (rGE). In some ways, multivariate modeling results pose more questions than answers. While there is evidence that rGE processes account for a portion of the relation between attained SES and cognitive performance, it is difficult to pin down the underlying mechanisms. Genetic selection is a likely candidate and appears to operate more strongly at one end of the SES continuum than the other depending on cognitive domain, operating at low SES for perceptual speed and high SES for spatial reasoning. For example, one explanation is that twins genetically predisposed to a trait (e.g., conscientiousness) might keep selecting environments, and are reinforced by those environments, making them more adept on certain abilities and wealthier compared to their less conscientious cotwins. Yet, the results suggest there is no clear selection pattern that benefits high SES versus low SES for all cognitive abilities A second possibility-one we consider highly speculative-is that given higher mean cognitive performance with higher attained SES, greater genetic influences on common (correlated) variance at higher attained SES signals some combination of population-level genetic stratification contributing to both genetically influenced niche-picking and/or greater opportunities for lifestyles that support cognitive performance (e.g., spatial reasoning and short-term/working memory [Digits Backward]). Uniformly nonlinear main effects may account for some of the common moderation effects we observed (see Supplemental Results and Rathouz et al., 2008) Indeed, follow-up analyses indicated that this alternative explanation may be likely for short-term/working memory, although multilevel analyses including covariates did not support nonlinear SES moderation for any of the cognitive tests. Irrespective of the underlying process, the main conclusion that can be gleaned from these results is that attained SES and cognitive performance in adulthood are reciprocally related.
Though the observed patterns for attained SES moderation of cognitive performance are nuanced, general patterns in the present findings do show consistency with previous work on SES and cognitive ability. Rearing SES and SES in adulthood have shown evidence of additive, positive impact on level of mid-and late-life cognitive functioning (Fors, Lennartsson, & Lundberg, 2009; Hurst et al., 2013; Lyu & Burr, 2016) . Providing evidence that these associations operate beyond meanlevel associations in both childhood and adulthood, sensitivity analyses with both rearing SES and attained SES as moderators of performance on cognitive tests suggested that each component of SES differentially affects genetic and environmental influences on cognitive ability. These findings provide further support for the importance of assessing both rearing and attained SES in investigating determinants of adult cognitive performance.
Attained SES: Amplifier or Suppressor of Etiological Influences Unique to Cognition?
By modeling the common (correlated) variance between attained SES and cognition, moderation effects observed on variance unique to cognitive performance provide evidence for a causal role of attained SES (Purcell, 2002) . Moderation of genetic influences on cognitive performance differ by cognitive test, consistent with differing heritability estimates for cognitive traits in older adults (Finkel & Reynolds, 2009; Lee, Henry, Trollor, & Sachdev, 2010) . Notably, genetic influences were relatively stable across attained SES for the three cognitive tests encompassed by the Wechsler verbal IQ domain but varied across attained SES for the two tests encompassed by the performance IQ domain.
We highlight a couple of interpretations that constitute rich areas of further research on the relation between attained SES and cognitive ability. First, genetic etiology of nonverbal abilities may be sensitive to the level of goods, services, and knowledge people acquire throughout adulthood, with greater genetic variability indicating both better and worse ability levels given attained SES. The high end of SES attainment, thus, may confer greater variability in genetic influence for some abilities (processing speed) yet lower genetic influence for other abilities (perceptual organization). Low end points of SES attainment, on the other hand, may confer opposite patterns. We provide one example-the nature of professional demands at different levels of attained SES-purely for illustrative purposes. Genetic variability for processing speed abilities may be greater at higher attained SES than lower attained SES because of professional specialization. Those who practice law and medicine will be in the same SES strata but will be better or worse at processing information depending on the demands of their specific practice (trial attorney vs. contract law). Conversely, the processing speed ability needed to perform menial labor jobs in those in lower SES strata will vary less across profession (cashier vs. construction).
Second, differentiation and specialization of cognitive abilities may also explain differences in moderation of cognitive abilities by attained SES (Tucker-Drob, 2009 ). At higher attained SES levels, the patterns of genetic and environmental influences were less organized, for example, smaller genetic influences and smaller shared environmental influences on verbal ability and spatial reasoning abilities with greater genetic influences on perceptual speed ability, than at lower attained SES levels. Nonshared environmental influences predominate (mostly) at the lower levels of attained SES. As part of this interpretation, low SES contexts may be governed by less predictable nonshared environmental experiences overall, resulting in experiences that lead to increased variability in cognitive performance (Turkheimer & Gottesman, 1991) . Conversely, higher attained SES may enable protective processes that dampen genetic influences on cognitive functioning in favor of relatively greater environmental influences, consistent with a "social context as compensation" G ϫ E mechanism (Shanahan & Hofer, 2005) .
Greater genetic influences unique to perceptual speed as observed at higher attained SES levels is consistent with some of the rearing-SES-cognition literature (Tucker-Drob & Bates, 2015; Turkheimer & Horn, 2014) and with theories that high SES contexts may lead to greater heritability via accumulation of experiences in enriched environments that support expression of full This document is copyrighted by the American Psychological Association or one of its allied publishers.
genetic potential (Bronfenbrenner & Ceci, 1994; Bronfenbrenner & Morris, 2006; Shanahan & Hofer, 2005) . Given the fairly stable nature of other cognitive abilities in middle adulthood, perceptual speed may uniquely benefit from enriching experiences at higher levels of attained SES as decline can begin in early adulthood (Christensen, 2001; Deary et al., 2009 ). This decline is often attributed to changes in the structural integrity of the brain, such that perceptual speed may act as a marker of neurological health particularly important for adults prior to apparent cognitive declines Johnson et al., 2014) . Notably, perceptual speed was the only cognitive test in this sample with nonlinear age moderation (Pahlen et al., 2018) . Our findings, controlling for age moderation, suggest that genes that influence cognition may remain sensitive to SES contexts. These G ϫ E mechanisms appear to operate primarily in adulthood, as removing covariance with rearing SES resulted in very little difference in the moderating effects of attained SES. Given the combinations of cognitive tests currently available in the IGEMS twin samples, the creation of a general intelligence "g" measure similar to the intelligence measures utilized in rearing SES studies was not feasible. Though not substitutable as a g measure, perceptual speed shares common genetic influences and is a marker of general intelligence in adulthood (Lee et al., 2012; Tucker-Drob, Reynolds, Finkel, & Pedersen, 2014; Verhaeghen & Salthouse, 1997) . Results for perceptual speed potentially afford us a glimpse of how attained SES may moderate those mutual sources of genetic influences (e.g., genes) on g in adults. Namely, attained SES may moderate at least some of the genetic influences on g in patterns similar to that observed for rearing SES, albeit through contextual experiences particularly beneficial to maximizing genetic potential for cognitive functioning in adulthood. Moreover, given the potential G ϫ E mechanisms noted here and evidence regarding social, cognitive, and health lifestyle choices in midlife as risk factors for cognitive decline (Baumgart et al., 2015) , further research is warranted regarding specific genetic pathways by which attained SES contexts may be influencing adult cognitive abilities.
Direction of Moderation Between Cognitive Performance and Attained SES
Though there was some evidence that cognitive abilities moderated sources of individual differences in attained SES for all except spatial reasoning, attained SES moderating cognitive performance provided the clearer story for our data (based on model fit comparisons). Taken together, these results are consistent with the interactionist perspective, which proposes that attained SES and individual characteristics, including cognition, emerge via reciprocal relations that make disentangling causal forces difficult (Conger & Donnellan, 2007) . Analyses reversing direction of moderation supported our focus on attained SES as the primary moderating variable in the associations. This finding is in keeping with the notion that effects of rearing SES are "handed off" to attained SES as people age. Although attained SES is influenced by cognitive ability more so than rearing SES, the current results suggest that attained SES may become a consistent contextual factor influencing cognitive performance in adulthood. Further modeling of attained SES and cognitive ability measures in longitudinal twin studies of aging are in a better position to clarify how genetic and environmental selection processes unfold over time, particularly to account for differences in verbal and nonverbal measures observed here.
Implications and Conclusions
SES is a complex variable, conceptualized in numerous ways throughout research and academic discourse (Oakes & Rossi, 2003) . Within epidemiological and psychological literature, how SES is measured and operationalized is important for understanding what contexts are being captured when assessing and interpreting SES effects on individual-level processes (Galobardes, Shaw, Lawlor, Lynch, & Davey Smith, 2006a , 2006b ). The current study used household-level attained SES as representing individuals' access to resources and related hierarchical social and economic contexts. Moreover, attained SES likely reflects the joint efforts or agency of spouses and is hence appropriate given the changing demographics of women in the workforce over the historical birth cohorts represented in the IGEMS studies. Evaluating individually attained SES as a moderator did not reveal marked differences in the overall findings, supporting our use of household-level attained SES that allowed greater inclusion of women.
There were some limitations to the current study that should be mentioned. Cross-sectional studies can only offer a snapshot of rather dynamic genetic and environmental processes. Due in part to persisting differential mortality by SES into old age (Bassuk, Berkman, & Amick, 2002; Huisman et al., 2004) , it is likely that the older adult participants from the IGEMS studies, particularly individuals with low attained SES, represent selective members of the population. For this reason, attained SES moderation of adult cognitive performance in the general population may not be fully captured here. The multiple birth cohorts in varying environments likely differed in SES structure both by country and by birth cohort, which may produce spurious results. We were able to test and verify no evidence for U.S. versus Scandinavia regional differences in moderation patterns for verbal ability, short-term/ working memory, and spatial reasoning; however, we were unable to confirm results for perceptual speed due to confounding of cognitive test form within region. Given these limitations, other twin cohorts may be able to provide further insight regarding the role of attained SES as a moderator of cognitive performance in adults.
In this study, we extended examination of moderation of genetic and environmental influences on cognitive performance by considering whether attained SES moderated individual differences in adult cognition across four cognitive abilities (via five cognitive tests). Perhaps most importantly, use of adult twin samples with attained SES and adult cognitive assessments allowed examination of the full variance between SES and cognitive performance. Our findings indicate that attained SES is moderating cognitive performance, in part, through active gene-environment correlation processes. This was evident in the relatively larger common genetic influences at higher levels of attained SES for verbal ability, working memory, and spatial reasoning. This is in addition to the mechanisms through which rearing SES moderates cognitive performance. At high levels of SES, genetic influences unique to perceptual speed were amplified whereas unique genetic influences for verbal performance and spatial reasoning were attenuThis document is copyrighted by the American Psychological Association or one of its allied publishers.
ated. These findings signal Gene ϫ Attained SES mechanisms that may be particularly relevant to adult cognitive performance. The fact that we also observed moderating effects of cognitive abilities on attained SES suggests the presence of reciprocal effects. Our findings indicate multiple genetic and environmental pathways via which SES may be supporting maintenance of different cognitive domains in older adults.
